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Abstract 
We present experimental results of magnetic feedback control on the m=2, n=1 tearing 
mode in RFX-mod operated as a circular ohmically heated tokamak. The feedback 
suppression of the non-resonant m=2, n=1 Resistive Wall Mode (RWM) in q(a)<2 
plasmas is a well-established result of RFX-mod. The control of the tearing counterpart, 
which develops in q(a)>2 equilibrium, is instead a more difficult issue. In fact, the 
disruption induced by a growing amplitude m=2, n=1 tearing mode can be prevented by 
feedback only when the resonant surface q=2 is close to the plasma edge, namely 
2<q(a)<2.5, and the electron density does not exceed approximately half of the 
Greenwald limit. A combined technique of tearing mode and q(a) control has been 
therefore developed to recover the discharge from the most critical conditions: the 
potentially disruptive tearing mode is converted into the relatively benign RWM by 
suddenly decreasing q(a) below 2. The experiments demonstrate the concept with 100% 
of successful cases. The q(a) control has been performed through the plasma current, 
given the capability of the toroidal loop-voltage power supply of RFX-mod. We also 
propose a path for controlling q(a) by acting on the plasma shape, which could be applied 
to medium size elongated tokamaks. 
 
1. Introduction: 
Disruption events have been detected in tokamaks since the very beginning of the 
experimental campaigns on these plasmas. A comprehensive description of this 
phenomenon and the variety of factors which can trigger is provided in [1, 2]. 
Empirically detected limits for relatively safe operation in terms of plasma pressure 
normalized to the magnetic field (beta), plasma density, and safety factor at the plasma 
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edge q(a) have become universally recognized textbook concepts [3]. They are 
respectively the Troyon beta-limit [4], the Greenwald density limit [5], and the q(a)>2 
constraint. The latter prevents the destabilization of the m=2, n=1 non-resonant ideal 
external kink [3], converted into a Resistive Wall Mode (RWM) by a shell close enough 
to the plasma [6, 7]. In recent years the introduction of electro-magnetic feedback 
performed by active coils has demonstrated the possibility of stabilizing RWM [8]. A 
significant contribution in this field has been given by RFX-mod operated as a circular 
ohmic tokamak with on-axis toroidal field of 0.55T [9]. In fact, non-disruptive plasmas 
with q(a)<2 have been realized thanks to the feedback suppression of the m=2, n=1 
RWM, by means of active coils placed outside the passive conductive structures (i.e. 
vacuum-vessel and stabilizing shell) [10, 11]. The control has proven to be successful 
even using only six active coils in the outboard mid-plane [12]. The result is by itself 
quite important, since it extends the tokamak operation to a region of parameters 
considered forbidden in the past, which could be extrapolated to reactor relevant 
performances by a new high-field compact device [13]. Apart from the above mentioned 
limits, a major cause of disruption for standard plasma with q(a)>2 is wall-locking of the 
m=2, n=1 tearing mode [3], the resonant counterpart of the previous RWM. Magnetic 
feedback control of wall-locked tearing modes is a well-assessed technique in the 
reversed field pinch (RFP) operations of RFX-mod [9, 14]. The same kind of control on 
the m=2, n=1 tearing mode has been recently experimented in the RFX-mod q(a)>2 
tokamak discharges, at the same time of similar operations realized by DIII-D in high-
beta shaped plasma using in-vessel coils [15]. These experiments deal with slowly 
rotating tearing modes and show significant analogies despite the different layout and 
plasma configuration. We have also to mention previous feedback experiments on high 
frequency m=2, n=1 tearing modes realized in DITE [16] and HBT-EP [17] by in-vessel 
coils having large bandwidth power supplies. The present paper discusses the RFX-mod 
results. Differently from its RWM counterpart, we have found that a tearing mode cannot 
be suppressed by the RFX-mod feedback, but only mitigated in its saturation amplitude. 
Moreover, the feedback against a growing amplitude m=2, n=1 tearing mode has proven 
to be sufficient to avoid the disruption only in a low-q(a) region, 2<q(a)<2.5, and in 
conditions of moderate plasma density. On the basis of the successful and rather 
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straightforward RWM control, this paper presents the alternative idea of stabilizing the 
m=2, n=1 tearing mode by converting it into the non-resonant counterpart. This involves 
an equilibrium control simultaneous to the magnetic feedback, which drives q(a) below 2 
as soon as the potentially disruptive tearing mode is detected. In order to demonstrate the 
concept, we have exploited the capabilities of the RFX-mod toroidal loop-voltage power 
supply system [18], which can be used to increase quickly the plasma current and 
therefore reduce q(a). In RFX-mod this is a safe operation since tokamak discharges are 
realized at a current level well below the machine limits. The experiments demonstrate 
the 100% success rate of this technique in recovering the plasma from disruptive 
condition, using the q(a)<2 equilibrium as escape route. These results encourage the 
exploration of an alternative technique, based on the shape control, to access the q(a)<2 
equilibrium starting from a standard configuration. The paper content is divided as 
follows. In section 2 we provide a general description of the magnetic feedback on m=2, 
n=1 tearing mode in RFX-mod. Some model based interpretations are given in section 3. 
The statistic of the m=2, n=1 induced disruptions is presented in section 4 with a 
classification of the mode rotation frequency regimes. In section 5 the results of the new 
technique of simultaneous q(a) and mode control are described. Finally, a discussion 
about the applicability of the q(a) control by acting on the plasma shape is given in the 
concluding section 6. A description of the RFXlocking code, used for simulations of the 
m=2, n=1 tearing mode feedback is given in appendix A. In appendix B two approximate 
methods are described for the estimate of the on-axis q(0), necessary quantity in 
modeling the plasma equilibrium. 
 
2. General considerations on m=2, n=1 tearing mode and its magnetic feedback  
The RFX-mod plasma (a=0.459m, R0=2m) is contained by a small time-constant 
(τv≈3ms) inconel vacuum vessel (average radius rv=0.49m) and passively stabilized by a 
more external 3mm thick copper shell (τw=100ms, inner radius rwi=0.5125m). By 
managing in real-time a large amount of signals [19, 20], RFX-mod is able to accomplish 
simultaneously feedback on magneto-hydro-dinamic (MHD) instabilities and equilibrium 
control. The latter basically involves plasma current, through powerful solid-state power 
supplies sized for the high toroidal voltage requests of the RFP configuration [18], and 
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plasma shape, through poloidal field coils. The MHD control is realized by a grid of 
4(poloidal)×48(toroidal) active saddle loops placed on the outermost support structure 
(τs≈24ms) at radius c=0.5815m [21]. The 
magnetic sensors used by MHD feedback 
are placed close to the shell inner surface 
at radius rs=0.507m. Due to the screening 
of the vacuum-vessel these sensors 
cannot detect high frequency MHD 
phenomena. To this purpose, and only for 
off-line analyses, another set of large 
band-width probes located on the vessel 
inner surface (ISIS system) [22] is used. 
The m=2, n=1 tearing mode is generally 
present in the RFX-mod tokamak 
discharges. When this mode rotates at its 
fast natural frequency, which amounts to 
some kHz, it can be seen only by the ISIS 
sensors, since the vessel acts as a 
perfectly conducting shell in this 
frequency range. Equilibrium 
modifications can increase the mode 
amplitude and the ensuing stronger 
interaction with the eddy currents 
induced onto the vessel slows down the 
rotation, so the mode progressively 
penetrates the vessel and becomes visible 
also on the feedback sensors. As shown by the more quantitative analysis discussed later 
in section 4, an intermediate rotation regime with frequencies of several hundred Hertz is 
detected by these sensors. At these frequencies the copper shell provides an almost ideal 
boundary, which screens both the mode and any feedback field produced by the active 
coils. Therefore, feedback is ineffective on this rotation branch. Without feedback a 
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Figure 1. Sketch of the RFX-mod layout, with 
the boundary conditions for the tearing mode 
radial profile pertaining to different rotation 
frequency regimes: a) spontaneous frequency, 
b) intermediate frequency, c) wall-locking, d) 
feedback-induced frequency (the dashed curve 
is the same of the panel c). Red squares 
represent the feedback sensors. 
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complete stop (wall-locking) occurs if an amplitude threshold at the resonant surface is 
exceeded [23, 24]: the amplitude further grows as a consequence of the penetration of the 
shell and a disruption invariably occurs. At this stage feedback control comes into play. 
In fact, by keeping small the edge amplitude it pushes the otherwise wall-locked mode 
into rotation with angular frequencies significantly smaller than the natural ones (and also 
smaller than the intermediate ones in RFX-mod) yet much larger than the inverse of the 
shell time-constant. Consequently, the shell penetration is hindered and the saturation 
amplitude of the mode mitigated [25]. The feedback-induced frequencies represent a 
dynamical equilibrium in the momentum equation, which establishes when the feedback 
gain is above a critical value [14, 15]. If ∆t represents the global delay of the feedback 
chain, the angular frequency is of order ω~1/∆t [15]. In general ωτw>>1, so the mode 
amplitude saturates under the constraint of a quasi-ideal boundary close to the shell 
location. In the presence of several passive structures between plasma and active coils, 
the previous statement remains valid considering an ‘effective shell’, given by a sort of 
barycenter of the structures weighed by the relative time constant [26]. In RFX-mod 
copper shell plays the major role during the feedback action. This ‘wall-unlocking’ by 
feedback allows RFP operation up to 2MA in RFX-mod. In figure 1 a qualitative 
representation is given of the mode boundary conditions in the cases above discussed. 
Figure 2 shows a typical example of the feedback action on a m=2, n=1 tearing mode, 
which tends to wall-lock. The considered shot has q(a)≈2.1, according to the large aspect-
ratio circular cross-section estimate ( )00022)( RIBaaq pµpi φ= , being φ0B  the toroidal 
magnetic field and Ip the plasma current [3]. Plot a) shows the non-integrated radial field 
signal detected by one of the ISIS sensors (black) and the integrated radial field signal 
measured by one of the feedback sensors (red). The feedback-induced rotation, at about 
60-70Hz in this case, appears as soon as the mode slows down to become visible on the 
feedback sensors. Plot b) displays the final part of the discharge, with the black line 
representing the plasma current. As soon as the feedback is deactivated at 0.8s, the mode 
wall-locks and a disruption occurs.  
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Figure 2. Feedback control on the m=2, n=1 tearing mode in the shot 33748. In red we show the 
feedback radial field integrated signal for one sensor, in the first part of the discharge (a) and in 
the second part (b). In black we have the ISIS non-integrated radial signal for one sensor (a) and 
the plasma current (b).  
 
In RFX-mod the key elements to obtain the feedback-induced rotations is the removal in 
the feedback variable of the aliasing generated by the active coils’ sideband harmonics. 
This is implemented in real-time by the Clean-Mode-Control technique (CMC) [14]. The 
example shown in figure 2 applies CMC to the radial field sensors’ signal. Once such 
aliasing is minimized, the experimental feedback results are little dependent on the 
acquired magnetic field component (radial and poloidal fields have been used to control 
the m=2, n=1 tearing so far), apart from the different intervals of effective gains. Even 
the plasma-sensors distance should be unimportant, if the latter are placed inside the most 
conductive wall. This is predicted by simulations discussed in the next section. Moreover, 
it is experimentally confirmed by the equivalence, as feedback variables, between the 
radial sensors’ signal and its extrapolation at the plasma radius computed with the 
inclusion of the perturbed toroidal field signal. The ultimate reason is in fact that the 
feedback-produced boundary condition is mainly determined by the conductive walls 
layout between plasma and coils.  
However, the avoidance of wall-locking and shell penetration realized by feedback is a 
necessary but not a sufficient condition to prevent the m=2, n=1 tearing induced 
disruption in RFX-mod. In many cases the radial field diffusion across the vessel and the 
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slowing down of the mode to the intermediate frequency regime is sufficient to trigger a 
disruption. The most critical conditions are discriminated by the equilibrium parameter 
q(a) and by the plasma density. This issue will be addressed in section 4. 
 
3. Simulation of the m=2, n=1 feedback control 
The RFXlocking cylindrical code [25, 27] adapted to the tokamak configuration 
simulates rather well the interaction of the m=2, n=1 tearing mode with the external 
conductive structures including feedback in RFX-mod. A detailed description of the code 
is postponed to appendix A. The model computes the mode frequency and saturated 
amplitude, but cannot predict the disruption occurrence. The equilibrium is fixed by a 
zero-pressure, Wesson-like current profile 000 )( BJ rσµ = , ( )( )ασσ 20 /1)( arr −⋅= [3], 
which should be adequate for the low-β, ohmic, circular plasma of RFX-mod. The two 
parameters of this model are related to the on-axis and edge values of q by 
( )00 )0(/2 Rq=σ , 1)0()( −≈ qaqα . Figure 3 present simulations for equilibrium where 
wall-locking is predicted without feedback. Mode amplitude at the resonant surface, i.e. 
island width, is kept fixed at a very low level up to time=0.06s, which is the assumed 
viscous diffusion time, in order to give the plasma flow the possibility to relax to the 
equilibrium profile. Afterwards, the island width evolves with the Rutherford equation 
[28]. In the simulation without feedback we note two steep frequency drops: the first 
corresponds to the radial field diffusion through the vessel; the second, leading the 
rotation to negligible values, is the wall-locking and involves the penetration of the shell. 
Instead, in the simulation with feedback the latter drop is avoided and the frequency is 
maintained at about 60Hz. The island width saturates at a value determined by the quasi-
ideal boundary realized by the feedback close to the shell. Here, CMC on radial field is 
considered, assuming the sensors just on the shell inner surface (rs=rwi).  
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Figure 3. RFXlocking m=2, n=1 simulations for the equilibrium q(a)=2.68, q(0)=1. Continuous 
and dashed lines with symbols refer to non-controlled and feedback simulations respectively. In 
red we plot the island width and in black its rotation frequency. Note the log-scale for the 
frequency. 
 
The equivalence between radial sensors located at different radii, mentioned in the 
previous section, is demonstrated in figure 4 by the good superposition of the frequency 
and island width curves when plotted as function of the coils’ current m=2, n=1 
harmonic amplitude. This equivalence also highlights the feedback ultimate limit in the 
mode amplitude reduction, which is fixed by the passive conductive boundary between 
plasma and coils. When active coils are placed inside the vacuum-vessel, control delays 
and amplifiers finite power become the most important limitations for the feedback, as 
suggested by the experiments [16, 17] and the theoretical analysis [27].  
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Figure 4. RFXlocking m=2, n=1 simulations considering CMC applied to the radial field at 
different radii: the shell inner surface (black diamonds), the vacuum vessel average radius (blue 
squares), and the plasma radius (red circles). The different points are obtained varying the 
feedback gains, with the same equilibrium considered in figure 3. Rotation frequency (a) and 
island width (b) at the final saturated amplitude state are plotted. The saturated island width in the 
presence of an ideal shell in the place of the copper one, for the given equilibrium, is also shown 
in plot b) (black line). The amplitude of the control current harmonic is considered in the x-axis. 
 
4. Statistic of the disruptions induced by the m=2, n=1 tearing mode in RFX-mod 
Experiments and simulations agree on the fact that a magnetic feedback with coils placed 
outside the main shell cannot in general suppress the m=2, n=1 tearing mode, unlike its 
RWM counterpart, but only keep controlled its saturation amplitude. In RFX-mod there 
are equilibrium conditions in which this is not sufficient to avoid a disruption. For a 
proper discussion of this topic, we first present in a more quantitative way the rotation 
frequency regimes introduced in section 2. Figure 5 plots the experimental mode 
frequency detected by the feedback sensors for different q(a) (colored points), both with 
and without feedback. The color code refers to the disruption statistic and it will be 
discussed later in this section. RFX-mod has little explored the q(a)>3.5 region, since the 
relatively low toroidal field requires very small plasma current to access it. The black and 
grey diamonds refer to the steady state solution of RFXlocking simulations (with and w/o 
feedback respectively) performed under different equilibria. As shown in appendix B an 
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approximate estimate of the on-axis q(0) can be given on the basis of the core 
temperature and the edge magnetic measurements, upon some simplifying assumptions. It 
is found that q(0) increases with q(a), as shown by figure 14 in appendix B. The general 
trend of this figure is used to perform the equilibrium scan in simulation. The 
experimental natural frequency branch is not visible on the feedback sensor due to the 
vessel screening, so it is not reported in the figure. The three slower frequency branches, 
defined in section 2 (intermediate, feedback-induced, wall-locked), order the 
experimental points, and are also recovered in simulation. The wall-locked, 
approximately below 10Hz, is mostly obtained without control in the low-q(a) interval 
2<q(a)<2.5. In fact, the interaction between the mode and the first-wall becomes 
stronger, increasing the likelihood of wall-locking, as the resonant q=2 surface moves 
towards the plasma edge. The feedback branch is the previous one increased in the range 
10-100Hz by the control action: the dispersion of the experimental points is explained by 
the variety of CMC techniques and gains gathered here, whereas the simulated black 
points refer only to CMC on radial field with a fixed gain. The intermediate branch is 
distributed in the entire interval considered for q(a). Many non-controlled cases (blue 
circles) mix with the controlled ones (red squares and green triangles) within this branch, 
to confirm that this frequency range is little affected by feedback. In simulation the 
intermediate branch is the lower region (below 1 kHz roughly speaking) of the upper 
band of solutions, which extends close to the natural values not detectable by the 
feedback sensors in the experiment. As clearly shown by the color code of figure 5, the 
correlation between wall-locking and disruptions, and therefore the possibility to prevent 
the latter by the feedback action, can be established only at low q(a) (2<q(a)<2.5). In 
general, larger q(a) can cause disruptions without wall-locking. More precisely, we have 
no evidence of these events when the mode is rotating in the natural branch. But, once the 
mode slows down diffusing across the vacuum-vessel and becoming visible on the 
feedback sensors, at q(a)>2.5 there is no way to avoid the disruption, though the mode 
frequency is mostly in the intermediate branch. Instead, for 2<q(a)<2.5, if wall-locking 
is removed by feedback, disruptions are much less frequent and caused in general by high 
density, which is the other important parameter as we shall see later (this is the case for 
all the red squares with q(a)<2.5 but one, in figure 5). 
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Figure 5. Rotation frequencies of the m=2, n=1 tearing mode, as detected by the feedback 
sensors, plotted against q(a). Coloured symbols are experimental values, averaged over 5ms 
before the disruption for the blue circles (shots without feedback) and red squares (shots with 
feedback), and 5ms around the maximum detected mode amplitude for the green triangles, which 
correspond to the not disrupted shots with feedback. Black and grey symbols are simulated 
frequencies with and without feedback respectively, considering different equilibria. 
 
The q(a) dependence of the disruption incidence for the feedback controlled shots cannot 
be explained by the radial field amplitude at the edge, which seems to decrease with q(a) 
(figure 6a), rather by the estimated island width W, which is instead found to increase 
with q(a). This reflects the similar correlation, but in this case decreasing, between W and 
the estimated radius rmn of the q=2 surface. A possible interpretation is that the saturation 
amplitude of the mode increases with the distance of this surface from the stabilizing 
shell. In such a case, the plasma-shell distance fixed by the machine layout would 
determine an offset in this trend. In figure 6b) the portion of the island which stands 
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inside the plasma, Weff=min(W/2,rmn)+min(W/2,a-rmn), is plotted against q(a): Weff  should 
be in fact the relevant quantity for the plasma confinement. The radial field amplitude at 
the resonant surface |br(rmn)| used for computing W, according to the standard island-
width formula reported in Appendix A, is the extrapolation of the edge data given by the 
Newcomb’s equation solution over the Wesson-like equilibrium model (actually the 
cylindrical version of the method described in [29]). In a particular shot the latter is fixed 
by q(a), as given by the external magnetics, and by the estimate of the on-axis q(0) from 
the internal inductance li, exploiting the method described in appendix B (see figure 14 
there). This Newcomb’s extrapolation suffers for neglecting the screening of the vacuum-
vessel, so for the intermediate frequencies cases it may be an under-estimate of the true 
island width. The computed island width can exceed half plasma radius. 
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Figure 6. Dependence on q(a) of the m=2, n=1 mode amplitude for the feedback shots 
considered in figure 5 (red disrupted, green not disrupted). The amplitudes refer to the maximum 
detected values (in a 5ms time interval before the disruption for red squares). Plot a): radial field 
at the sensors’ radius. Plot b): island width inside the plasma normalized to the plasma radius.  
 
Though most of the disrupted cases correspond to larger values of Weff, the partial 
superposition with the non-disrupted points in figure 6b) suggests the existence of 
another important parameter. This is the plasma density: as shown in figure 7, the two 
sets of points separate well when q(a) or Weff are plotted against the Greenwald electron 
density fraction ne/nG, being nG=Ip(MA)/(πa2)×1020 [5]. Figure 7a) shows that the non-
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disruptive region is restricted to 2≤q(a)≤2.5 and moderate plasma density, ne≤0.5nG. 
Figure 7b) can be interpreted in terms of a density limit which decreases, eventually 
going to zero, with the island width, or equivalently in terms of a critical island width 
which decreases, eventually going to zero, with the density. These criticalities should 
depend on the plasma transport properties, but not on the machine passive layout. For this 
reason we believe that the trend shown by figure 7b) is quite fundamental. Instead, the 
pattern of figure 7a) should inherit the offset due to the plasma-shell distance from the 
relationship between Weff and q(a). It is conceivable that in a circular device with a better 
plasma-shell proximity the non-disruptive q(a) region should be larger than in RFX-mod. 
Note that the red and green points are separated by a nearly empty region. This may be 
due to an insufficient statistic. However, it could also indicate that for some combinations 
of ne/nG and q(a) the m=2, n=1 tearing mode, always present in the RFX-mod discharges, 
is unlikely to abandon the natural rotation frequency branch where it remains invisible for 
the feedback sensors used in this analysis. Further investigations will try to clarify this 
point. Past DITE observations, about the increase of the disruptive density limit when 
applying feedback on the m=2, n=1 tearing mode, in particular at q(a) close to 2 [16], are 
in consonance with the RFX-mod results. 
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Figure 7. Line-average electron density from interferometer data [30] normalized to the 
Greenwald limit for the feedback shots considered in figures 5, 6 (red disrupted, green not 
disrupted) plotted against q(a) (a) and the normalized island width (b). A negative density means 
a very small, badly measured value. 
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In conclusion, we ascribe the ultimate reason of the m=2, n=1 tearing induced disruption 
to the presence of a large magnetic island and possibly to the transport enhancement it 
implies, rather than to the wall-locking of the mode itself. The island is particularly 
detrimental at high density, perhaps due to a coupling with the radiation losses (a possible 
interpretation of this effect is given in [31]). Moreover, we point out the limitation of the 
magnetic feedback, which avoids wall-locking and the ensuing perturbation diffusion 
across the shell, but cannot prevent the penetration of the innermost vacuum-vessel, 
which appears to be critical in many conditions.  
 
5. Simultaneous control of the m=2, n=1 tearing mode and q(a)  
The previous analysis leads quite naturally to the idea that disruption prevention should 
include the control of the parameter q(a) in order to ensure favorable equilibrium 
conditions for doing feedback on the m=2, n=1 mode. In the radical solution we propose, 
the detection of the m=2, n=1 tearing mode on the feedback sensors triggers the 
equilibrium control and ramps down q(a) below 2, thereby converting the tearing mode 
into a pure RWM. Then, feedback is able to suppress this more benign mode, and 
plasmas with density near to the Greenwald limit can be sustained. The purpose is to 
demonstrate the simple concept that the removal of the m=2, n=1 resonant surface, and 
consequently of the magnetic island, restores a good non-disruptive discharge, though 
with characteristics different from the initial one.  
Before going into the details of this scheme, let’s briefly describe the phenomenology of 
the m=2, n=1 induced disruptions in RFX-mod. An example is given in figure 8a): a 
growing amplitude m=2, n=1 tearing mode (blue line) involves a sudden crash to nearly 
zero-level of the soft-X-rays signal (SXR) from tomography [32] (red line), which is 
generally due to a drop both in the temperature and in the density, as we will see later. 
The concomitant positive spike in the plasma current (black line), associated to a similar 
negative spike in the toroidal voltage (not shown), is ascribed by [33] to the current 
profile flattening implied by the disruptive magnetic island. With the power supplies 
available in standard tokamaks the confinement loss caused by an event of this kind 
makes impossible to sustain the configuration, and a current quench occurs. In RFX-mod 
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the current quench is induced within a soft-stop scheme, which interrupts the current 
feedback control, bringing to zero the applied toroidal voltage, after the detection of the 
first spike. On the contrary, i.e. without interruption of the current sustainment, the power 
supplies capability would allow maintaining the initial current level, producing a series of 
disruptions following the very first one (figure 8b). This means that the discharge cannot 
be recovered if we try to keep the equilibrium fixed, because the q=2 resonant surface, 
where the disruptive island can grow, continues to be present inside the plasma.  
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Figure 8. a): in correspondence of a disruption event at about 0.55s for the shot 33594 
(q(a)=2.5), we plot the radial field amplitude extrapolated at the plasma surface (blue), the 
normalized (to the maximum) soft-X-ray emissivity (red line with crosses), and the normalized 
plasma current (black line with diamonds); the applied toroidal voltage is switched off after the 
first positive current spike at about 0.55 and then the current decays. b): for the shot 36347 
(q(a)=3) we plot the radial field amplitude at the plasma surface (blue) and the plasma current 
(black line with diamonds); a series of disruptions, marked by the current spikes, occur because 
the current feedback control tries to maintain the q(a)=3 magnetic equilibrium.   
 
The Thomson scattering diagnostic (TS) [34] provides the electron temperature and 
density with a good deal of spatial resolution. However, we have to underline the 
difficulties of such measurements in these low current plasmas. In figure 9 the core 
values are plotted for some disrupted shots with MHD feedback (those with reliable TS 
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data) around the SXR crash time. The disruption implies a drop in both signals. 
Nonetheless, in RFX-mod the temperature does not collapse to few eV, as often reported 
for other devices [33]. The points well after the drop are not of interest, since they 
correspond to the plasma current induced decay. 
 
 
Figure 9. Electron core density normalized to the first plotted value (a), and electron core 
temperature (b), as measured by TS. A time interval centered about the SXR crash caused by the 
disruption is considered. The TS sampling time is 10ms. Different lines correspond to different 
disrupted shots. Those with a more evident temperature drop are plotted in shades of blue. In plot 
b) the dotted thick line and band are respectively the shot-average temperature and its standard 
deviation.  
 
The scheme we propose tries instead to save the discharge coupling the MHD control to 
the q(a) control, which removes the resonant surface necessary for the island to exist. In 
RFX-mod the simplest way to control q(a) is by acting on the plasma current: in fact the 
very flexible and powerful toroidal loop voltage circuit allows a rapid increase of Ip such 
to reduce q(a) below 2 from an initial value above 3 in about 10÷15ms. A series of 
experiments have then been performed following this sequence: 1) a tokamak with q(a) 
around 3 is initially programmed; 2) feedback control on the m=2, n=1 tearing mode is 
applied keeping at the same time monitored its amplitude in the poloidal field (the largest 
perturbed component); 3) when this amplitude exceeds a threshold, set to 0.6mT on the 
basis of a statistical analysis of the disruptions, a positive pulse of toroidal loop voltage, 
shaped according to a pre-programmed waveform, produces a rapid increase of the 
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current against the plasma inductance, leading q(a) below 2; 4) a new steady-state q(a)<2 
tokamak is formed, where q(a) is maintained close to the reference value by the current 
control, feedback stabilized against the m=2, n=1 mode, now a pure RWM; on average, 
the final toroidal voltage is slightly larger than the initial value. A typical example is 
shown in figure 10. Starting from an initial equilibrium with q(a)≈3 (plot a), the profiles 
modification induced by the approaching of plasma density to the Greenwald limit (plot 
b) destabilizes the m=2, n=1 tearing mode. As soon as its amplitude exceeds the 
threshold, the q(a) control intervenes with a positive Vloop pulse (plot c). The tearing 
mode is converted into a RWM, suppressed during the equilibrium transition phase (plot 
d), and a stable q(a)<2 discharge with ne/nG≈0.6 (plots a, b) settles down at the end. 
Looking at plot d) we note that the disruptive tearing mode (the first one) disappears 
during the ramp down when q(a) is still larger than 2. According to the statistic of figure 
7a), the second tearing mode, destabilized when q(a) is close to 2 and seeding the 
following RWM, is of a more benign type. This technique has been 100% successful so 
far without false alarms. In about half of the experiments the temperature and density 
drop produced by the mode triggering the q(a) control could not be avoided. This is 
shown by the statistical analysis of the TS data plotted in figure 11: the drops, when 
occur, are similar to those of the standard disruptions of figure 9, but they are not 
systematic. The shot considered in figure 10 is one of these cases, characterized by a 
confinement loss. Nonetheless, a significant thermal energy content in the q(a)<2 phase 
is restored, as can be inferred from plot 10b). This is a consequence of the magnetic 
island removal, which re-establishes the confinement to acceptable level, rather than of 
the additional ohmic heating brought by the current increase. In fact the total degradation 
of the confinement in the presence of a disruptive island would nullify any attempt of 
maintaining the global thermal energy, as demonstrated by the sequence of events in the 
shot plotted in figure 8b). Figures 12, 13 illustrate some further statistical analyses. Using 
figure 7a) as background, figure 12 displays the plasma conditions, in terms of q(a) and 
Greenwald density fraction, which this technique allows to recover from (black squares): 
most of them would inevitably lead to a disruptive plasma. The final plasma equilibrium, 
which settles down after the q(a) ramp, is also shown (blue squares): the points compare 
rather well with the standard, stationary q(a)<2 shots (green diamonds).  
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Figure 13 compares the standard q(a)<2 shots with the same equilibria after the q(a) 
ramp down, from the thermal energy point of view. According to the TS core electron 
temperature, and the poloidal beta estimated from the diamagnetic flux (see appendix B), 
q(a)<2 discharges similar to the standard ones establish upon magnetic island removal.  
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Figure 10. Waveforms for the shot 36359 with simultaneous m=2, n=1 and q(a) control. a): 
plasma current (black) and q(a) (blue with symbols) from external magnetics. b): line-average 
electron density from interferometer normalized to the Greenwald limit (red), and line-integrated 
SXR signal (black). c): toroidal voltage (red), and monitored mode amplitude in the poloidal field 
component (black; the straight thick line is the threshold). d) amplitude of the radial field 
extrapolated at the plasma surface (red), and q(a) (blue with symbols) during the equilibrium 
transition phase.  
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Figure 11. Electron core density normalized to the first plotted value (a), and electron core 
temperature (b), as measured by TS for the discharges with simultaneous MHD and q(a) control. 
A time interval is considered around the triggering of the q(a) control . The TS sampling time is 
10ms. Different lines correspond to different shots. Those with a more evident temperature drop 
are plotted in shades of blue. In plot b) the dotted thick line and band are respectively the shot-
average temperature and its standard deviation.  
 
The amplitude threshold, which triggers the equilibrium modification, has been 
prudentially set to a relatively large value to minimize the risk of false alarms produced 
by spurious effects. In general the growth of the disruptive instability is very fast (few 
ms), and it is not preceded by any clear precursor (the slow growing case in figure 8a is 
an exception). Due to experimental time limitation we did not have the possibility of 
testing smaller threshold values. Future experiments will tell if the sometimes observed 
initial confinement loss event could be avoided by a more severe threshold, which 
activates earlier the q(a) ramp down. With respect to the relatively cold discharges of 
RFX-mod, we expect that the physical constraints are more relaxed in a large tokamak, 
due to the higher temperature and the consequent longer relaxation times. Nonetheless, in 
this case technological limitations might be an issue. The final section will speculate on 
this topic. At the present status, we can conclude that our technique is a well-established 
recovery method from potentially-disruptive or even disrupted conditions. 
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Figure 12. Summary of the feedback operation against the m=2, n=1 mode in terms of 
Greenwald density fraction (line-averaged data from the interferometer) and q(a). Pure MHD 
control on the tearing mode for green triangles and red squares (same points of figure 7a). Pure 
MHD control on the RWM for the standard q(a)<2 shots represented by green diamonds (data 
averaged in a 50ms time interval). The other symbols are the simultaneous MHD and q(a) control 
data: black squares denote the application of the q(a) ramp-down (data averaged in a 4ms time 
interval in correspondence of the potentially disruptive m=2, n=1 tearing mode) and blue squares 
are the final equilibrium at q(a)<2 (data averaged in a 50ms time interval starting 100ms after the 
application of the current ramp).  
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Figure 13. Comparison between standard q(a)<2 equilibrium (green diamonds) and final state of 
the q(a) control (blue squares). a): poloidal beta from diamagnetic flux plotted against the 
Greenwald electron density fraction from interferometer (line averaged data). b): electron core 
temperature plotted against the Greenwald electron density fraction from TS data (error bars 
included).  
 
6. Conclusions and future perspectives. 
In RFX-mod, operated as a circular Ohmic tokamak, feedback control of the m=2, n=1 
tearing mode with active saddle coils placed outside the shell has proven to be a difficult 
task. Differently from its RWM counterpart emerging at q(a)<2, the tearing mode cannot 
be suppressed, but only kept controlled at the edge. At q(a)>2.5 or at high density this is 
not sufficient to prevent a disruption whenever its amplitude grows, even in the absence 
of a wall-locking. Instead, a robust control is possible when the m=2, n=1 tearing mode 
is converted into the non-resonant RWM by dynamically drive the plasma to q(a)<2. 
Even in the presence of a confinement loss produced by the tearing mode, the removal of 
the magnetic island when q(a)<2 allows a full recovery of the discharge. This result has 
been achieved by applying a pulse on the toroidal voltage through fast solid state power 
supplies, therefore suddenly increasing plasma current and lowering q(a) below 2, as 
soon as a m=2, n=1 tearing exceeding a given amplitude threshold was detected. The 
control has a 100% success rate even at high densities near to the Greenwald limit. The 
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question is whether this technique could be applied to large conventional tokamaks and 
possibly extrapolated to ITER. The first requisite is a magnetic feedback control system 
against the m=2, n=1 RWM such to make stable the q(a)<2 equilibrium. Apart from 
RFX-mod, this operation has been performed only in DIII-D [35]. The second requisite is 
the possibility to access rapidly to the q(a)<2 configuration, from a standard q(a)>2 
equilibrium. In RFX-mod this can be done acting on the plasma current, since the toroidal 
voltage circuit is designed for the demanding high-current RFP operation. On the 
contrary, this method seems rather unfeasible with the present equipment of conventional 
tokamaks. Moreover, increasing the current near the machine limits in critical plasma 
conditions would not be a safe operation. Nonetheless, there is another possible way of 
changing q(a), particularly attractive for shaped devices. In fact, in a non-circular 
tokamak the following relationship between the edge q and the elongation κ can be 
established, ( )00022 RIBaq pedge µκpi φ=  [36], being a the plasma half-width. 
According to this formula passing from an elliptical plasma (κ>1) to a circular one (κ=1) 
will decrease qedge by a factor κ. Therefore the shape control could realize the transition 
from a conventional D-shaped equilibrium to a q(a)<2 circular configuration. The cross 
section reduction implied by this transition could increase the plasma resistance, and the 
toroidal loop voltage might be adjusted to maintain Ip constant. The passage to circular 
plasma adds two benefits. First, it facilitates the control of the m=2, n=1 mode, both in 
the tearing (when q(a)>2) and RWM (when q(a)<2) typologies, since its spatial structure 
simplifies through the elimination of the additional poloidal harmonics produced by the 
D-shape. Second, the elongation ramp-down reduces the confinement and the thermal 
energy content [37], which, even in the perspective of recovery the discharge, is a 
prudential action when approaching disruptive conditions. This operation increases the 
plasma-shell distance, so the destabilization of the n=1 ideal external kink mode might 
become an issue [7]. However, estimates of the critical plasma-shell proximity for the 
n=1 toroidal pressure driven mode give (rw/a)c≈1.5 [38]. Likewise, exploiting the 
modified Newcomb’s criterion [7], we get (rw/a)c≈1.2 for the cylindrical current driven 
m=2, n=1. Another cylindrical estimate with the ETAW code [39] provides a more 
optimistic prediction: (rw/a)c≈1.4. Therefore, there is room to attempt the experiment. 
Shape control by poloidal field coils in tokamaks is a well-assessed technique [40]. For 
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example, a significant increase of the elongation can be obtained in about 100ms in DIII-
D [37], so the opposite transition to circularity should require a similar time-scale. 
However, only the experiments can tell us if this is fast enough. Perhaps, the competition 
between the elongation ramp-down time and the current-quench time consequent to a 
thermal loss, which for JET is of the order of tens of milliseconds [1], it is too 
unfavorable. However, the elongation ramp-down could, in principle, be activated well in 
advance to the thermal quench, exploiting, if present, the precursor phase, which can last 
more than 100ms at JET [2, 41]. The hope is that the transition to the q(a)<2 
configuration could anticipate the thermal quench, thereby avoiding it, or at least that the 
restoration of an acceptable confinement consequent to the magnetic island removal 
could prevent the current quench. In ITER the technological constraints seem more 
critical. Taking the project discharge time of about 15s for the superconducting poloidal 
field coils in case of a fault [42], it is clear that any change of the plasma shape will take 
quite a long time. In any case the data obtained from present elongated tokamak 
experiments will be extremely important to understand the scalability of this technique to 
larger and slower devices.  
We would like also to emphasize an important point that emerges from our experiments 
and that somehow conflicts with conventional wisdom in tokamak research. This regards 
the temperature drop concomitant to the spike in the toroidal loop voltage (and current) 
characteristic of the disruption process. As shown in figure 9, the thermal quench does 
not involve a temperature collapse to the few eV level as reported for most tokamaks [2]. 
We speculate that the sudden impurity contamination, believed to be the ultimate 
temperature killer [33, 41], does not take place in RFX-mod. Future analyses will try to 
clarify this issue and to assess whether the feedback control on the tearing mode could 
have some part in the mitigation of this aspect of the disruption. 
A final comment is in order regarding the fact that our experiments have shown that 
disruptions caused by the m=2, n=1 tearing mode do not necessarily imply the wall-
locking phenomenon. In fact, according to the statistics shown in figure 5 for q(a)>2.5 
the rotation frequency of the disruptive mode is only one order of magnitude smaller than 
the natural one. The critical parameters triggering the disruption are the island width and 
the plasma density. This observation can have implications for ITER, since low 
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frequency mode rotations during disruptions are deleterious when in resonance with the 
mechanical structure. This is the case for the rotating halo currents during vertical 
displacement events, as observed in JET [43] and NSTX [44]. Although quantitative 
predictions for ITER are difficult, the simulation of the tearing mode slowing down is 
worth to be addressed taking into account the proper electromagnetic boundary of the 
machine. 
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Appendix A: the RFXlocking model applied to the tokamak  
The cylindrical zero-pressure  RFXlocking code, developed for modeling feedback on the 
RFP dynamo tearing modes [25, 27], has been adapted to study the RFX-mod tokamak 
discharges. Here we recall the main aspects of the model for the sake of clarity. For a 
more detailed description we refer to the paper [27]. This is a basic approach describing a 
classical tearing mode interacting with external conductive structures. An important 
element is a realistic description of the feedback coils and the control algorithm. The 
main difference with respect to previous RFP formulations is the inclusion of the 
Rutherford equation for the mode amplitude evolution at the resonant surface [28]. This 
equation is in fact a standard model for tokamak tearing modes, but it is of uncertain 
applicability in the RFP, due to its strong non-linear dynamic. In that case the amplitude 
at the resonant surface was imposed. We describe plasma equilibrium as a force-free 
circular cylindrical configuration, with a periodicity length 2piR0 in the z direction, being 
R0 the plasma major radius: using a right-handed co-ordinate system with a simulated 
toroidal angle(r, θ, φ≡ z/R0) the force balance condition for the equilibrium field 
( ))(),(,0)( 000 rBrBr φθ=B  is 0000 )( BJB rσµ ==×∇ . As explained in section 3 a two 
parameters expression for σ(r) is adopted. The plasma is contained by a vacuum vessel, 
modeled as a thin shell with time constant τv placed at r=rv, surrounded by a finite-
thickness, time constant τw shell with internal, external radii respectively rwi, rwe=rwi+ δw. 
A regular grid of rectangular active coils is placed outside the shell at r=c on a support 
structure modeled as a thin shell with time constant τs. Radial field sensors are considered 
at some radius rs between the shell inner surface and the plasma (a ≤ rs ≤ rwi). For a given 
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equilibrium, and a single m, n tearing mode (non-linear coupling is discarded) the zero-
pressure Newcomb’s equation determines the radial profile of the complex harmonic 
( ) ),(, ,, trbritr nmrnm −≡ψ  in the plasma and vacuum regions. At the resonant radius 
q(rm,n)=m/n, where it becomes singular, Newcomb’s solution is matched with other two 
equations evolving mode amplitude and phase, defined by 
)(,
,
,
,)(),( tinmnmnm
nm
ettr ϕψ Ψ= . Mode amplitude is related to the island width W by the 
standard formula 
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Rutherford equation [23, 28]  
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The resistive time in the l.h.s is defined through the Spitzer resistivity ηS evaluated at the 
resonant radius: )(
,
2
,0 nmSnmR rr ηµτ = . The radial derivative at the island boundaries in 
the r.h.s include the modification to the ψ radial profile produced by the feedback coils 
and the currents induced on the passive conductive structures.  
Mode phase is evolved by [45]  
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In this formula the single-fluid (i.e. ion) toroidal and poloidal angular velocities ( )tr,φΩ , 
( )tr,θΩ , averaged over angular co-ordinates, are taken at the resonant radius. The latter 
term, where e>0 is the electron charge magnitude and ne the electron density (=ni), 
encapsulates the electron and ion diamagnetic frequencies, which allow passing from the 
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ion to the electron fluid velocity. In fact, above equation states that the island is frozen 
within the electron fluid, an assumption which gives natural rotation frequencies 
compatible with the RFX-mod experimental observations both for the tokamak and the 
RFP configuration (for the latter case see [45]). The single-fluid velocities are evolved by 
the motion equations, which include the plasma perpendicular viscosity µ and the 
electromagnetic torques δTEM developed at the resonant radius by the interaction between 
the island and the external conductive structure:  
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Here ρ is the mass density. The poloidal flow damping operator, expressed with a 
characteristic time τD, and the momentum source densities Sφ, Sθ  are phenomenological 
terms. For the sake of simplicity we consider all these quantities to be constant with r. 
The electromagnetic torque is expressed by a non-linear combination of the Newcomb’s 
solution taken at the resonant surface and at the plasma-facing conductive structure, i.e. 
the vacuum-vessel: ( ) ( )[ ]∗∝ trtrT nmnmvnmnmEM ,,Im ,,,, ψψδ . The imposed velocity 
boundary conditions are 0),(),(),0(),0( =Ω=Ω=∂Ω∂=∂Ω∂ tatartrt θφθφ . The 
electromagnetic torque modifies the natural plasma velocity, opposed in this action by the 
viscous torque. The toroidal ( )r0φΩ  and poloidal ( )r0θΩ  natural angular velocities are 
derived from (A3), (A4) taking the steady-state (∂/∂t=0) and discarding the 
electromagnetic torques: 
 
A5) ( )( )220 14)( arSr V −=Ω ρτφφ ,  
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Here µρτ 2aV =  is the viscous diffusion time an I1 is the modified Bessel function. The 
Newcomb’s solution is also matched with other equations, which model the vessel, shell 
and coils regions. The thin-shell dispersion relation [46] suitable for the vessel is  
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Newcomb’s solution defines the r.h.s of this equation. The radial variation of the 
perturbation inside the structure is discarded by (A6). This effect is instead modeled in 
the shell region according to the more general diffusion equation [46]: 
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Here σw is the shell conductivity. The radial derivative of the solution of (A7) is matched 
with Newcomb’s solution at rwi and rwe. Ampere’s law applied to the coils region, 
considered of negligible radial thickness, and a thin-shell relation similar to (A6), which 
models the structure supporting the coils, provide 
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In this expression nm
cI
, is the coils’ current harmonic, and ),( nmcℑ  is the coils’ shape 
factor for the m, n mode [27]. An R/L modal equation can be cast for the current 
harmonic: 
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Here nmcV
, is the Fourier harmonic of the applied voltages, Nt is the number of turns of 
each coil and Rc is the coil resistance. The self and mutual inductances of the coils 
synthesize a sort of ‘m, n inductance’ of the overall grid, which determines the 
characteristic time τcm,n. In the r.h.s there is also a small extra term (not written) 
interpreted as the passive stabilizing action of the coils. The voltage harmonic is 
determined by the control algorithm and by the feedback model. The analysis [27] has 
shown that a continuous-time feedback model may lead to too optimistic predictions with 
respect to a discrete-time formulation closer to a realistic digital feedback. Therefore we 
rely on a discrete-time feedback model in the present analysis. The feedback is 
characterized by a cycle period Tf, according to which the applied voltage is updated, and 
by a latency ∆t, taken, for sake of simplicity, a multiple of Tf: fTkt =∆ . The feedback 
variable wfm,n is sampled at the discrete times {tk}, where fjj Ttt += −1 , and the zero-
order hold discretization of the standard proportional-derivative (PD) control is 
considered: 
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This expression, which models both the piece-wise character of the applied voltage and 
the latency delay, represents a voltage control. Instead, a current control is implemented 
in RFX-mod, since the coils amplifiers are equipped with an internal feedback circuit 
[47]. The ensuing improved dynamic response can be simulated by a non-zero derivative 
gain Kd in (A10). To take into account the finite bandwidth of the sensors and the 
filtering required by the digital acquisition we distinguish the acquired feedback variable 
wfm,n, used by the feedback system, from the ‘physical’ feedback variable bfm,n. The two 
can be related by a one-pole filter law  
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where the time constant τd is set equal to Tf. The system of equations is closed by the 
definition of bfm,n. Assuming CMC [14], where the impact of the coils’ sideband 
harmonics is minimized, we take the m, n component of the radial field at the sensor 
radius: )(,, snmrnmf rbb = .  
 
Parameter settings (in MKS units) 
Here we list the typical values set in simulation for the above defined parameters. The 
RFX-mod front end is adopted: a=0.459, R0=2, rv=0.49 (vessel average radius), 
τv=0.0023 (for the m=2, n=1 mode), rwi=0.5125, δw=0.003, τw=µ0 σw rwi δw=0.1 (copper 
shell), c=0.5815, τS=0.024. On-Axis toroidal field is set to the typical value 0.55T for the 
RFX-mod tokamak discharges. Particle density is fixed constant with radius at the value 
ne=ni=0.2nG. The perpendicular viscosity µ is defined through the viscous diffusion time, 
taken of the same order of the estimated energy confinement time: τV=0.06. Moreover we 
set τD/τV=0.001 to simulate a strong poloidal flow damping. The momentum source Sφ is 
fixed by the first of (A5), imposing at half plasma radius the toroidal velocity as 
measured by the passive Doppler spectroscopy based on the OV emission [48]: 
4
000 1025.1)2/()2/( ×−=Ω= aRaV φφ . Moreover we take Sθ=Sφ. As far as temperature is 
concerned we assume Te=Ti with a parabolic radial profile reaching 250eV on-axis. The 
RFX-mod values Rc=0.8 and Nt=60 in equation (A9), and Tf=2×10-4, ∆t=6Tf for equation 
(A10) are imposed. Finally, τcm,n is estimated about 0.003, and we set Kdm,n=2τcm,nKpm,n to 
mimic the improved transient response of the RFX-mod coils’ current control. 
 
Appendix B: q(0) estimate in the RFX-mod tokamak discharges  
Two different approximate methods to determine the on-axis q are described: the first 
stems from the internal inductance ( ))(2 2020 20 aBadrrBl ai θθ∫=  provided by the edge 
magnetic measurements; the second is a local estimate based on a modified Spitzer’s 
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expression for the resistivity and the core plasma temperature measurement. Both rely on 
cylindrical geometry approximation. 
 
q(0) from li and q(a) 
Upon assuming the above mentioned large aspect ratio, low-beta force-balance condition 
000 )( BJ rσµ = , ( )( )ασσ 20 /1)( arr −⋅= , the connection between q(0), q(a) and li is 
established by the two approximate relations [3]: 
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Formulas (B1) allows computing q(0) from li and q(a). The cylindrical q(a) is easily 
obtained by the edge magnetic measurements, whereas li is got from the standard relation 
12 −+=Λ ip lβ , where Λ is the asymmetry factor of the poloidal field (computed from 
edge measurements) and βp is the poloidal beta. Given the difficulties of the temperature 
measurement in the RFX-mod low-current tokamak plasmas, we prefer to evaluate βp 
from the diamagnetic flux ∆Φ. In fact, in cylindrical geometry we have 
( ) ∆Φ+= 200 )(81 pp IaB µpiβ φ  [3], where the cylindrical estimate of ∆Φ is:  
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Here, Φ(a) is the measured toroidal flux enclosed by the plasma and ξcyl,tor is a 
geometrical conversion factor from toroidal to cylindrical geometry. This is determined 
in vacuum shots by the ratio ( )
vacuumcyltor aaBa )(/)(0
2
,
Φ= φpiξ .  
 
q(0) from Te 
From Ohm’s law and the previous equilibrium model applied at r=0 one gets: 
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In stationary conditions φ0E  has a constant radial profile and can be determined by the 
loop-voltage external measurement: ( )00 2)0( RVE piφφ = . By combining the previous 
expression and approximating )()0( 00 aBB φφ ≅  one gets )0(10)()0( 7 ηφφ ×≅aBVq . We 
model the central resistivity with the Spitzer’s expression plus an offset: 
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The central electron temperature (in (B4) expressed in keV) is measured by the double 
filter SXR diagnostic [49]. The two quantities )(aBV φφ  and 2/30 )0( −eTη  have been 
correlated in the flattop stationary phase of some H, D and He discharges: a linear fit with 
a non-zero offset Cfit>0 and angular coefficients close to 1 for H, D and 2 for He shots 
interpolates reasonably well the data. This implies that q(0) is about 1 on average, so 
fixing Zeff=1 for the H, D and Zeff=2 for He we may interpret the data dispersion around 
the fit mainly as an effect of the q(0) deviation from unity. Therefore, the following 
estimate can be provided: 
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In figure 14 the two estimates of q(0) show a similar trend to increase with q(a). This is 
qualitatively confirmed by an inspection of the saw-tooth activity on the SXR signal, 
whose detection implies q(0)<1.  
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Figure 14. Summary plot of the two different q(0) estimates.  
